We present experimental results, which may indicate the possibility of the coexistence of the Kondo effect and ferromagnetism in macroscopic planar magnetic tunnel junctions with a layer of nanodots inside tunnel barriers. A conductance double peak structure was observed. Magnetic field dependence of the splitting of a conductance peak, and temperature evolution of the conductance curves are well explained from the theoretical point of view according to the predictions of the Kondo physics and cotunneling in the Anderson quantum dot coupled to ferromagnetic leads.
Introduction
Zero-bias anomaly (ZBA) -a departure from smooth conductance background near zero-bias voltage -has been observed widely in various experiments with tunnel junctions in which, deliberately or not, paramagnetic impurities were included [1, 2] . The many-body Kondo resonant tunneling was soon accounted for this phenomenon as an explanation [3] . The same effect which in low temperature (below the Kondo temperature T K ) causes a resistance minimum in metal-diluted paramagnetic impurities, gives rise to a peak in conductance in the low-dimensional quantum dots (QD's) of various origin (such as two-dimensional electron gas (2DEG) [4, 5] , carbon nanotubes [6] , or molecules). It has been also observed in a single QD coupled to ferromagnetic leads [7] [8] [9] [10] , in which different coupling of opposite spin levels to electrodes, due to spin asymmetry of the density of states in ferromagnets, causes different levels' positions renormalization, which appears as a double-peak structure in the conductance-voltage characteristic [11] [12] [13] [14] [15] . The ZBA has not, however, been yet observed in magnetic tunnel junctions (MTJs) with paramagnetic impurities inside the tunnel barriers [16] [17] [18] , although such experiment would answer some interesting questions. It has been widely believed that high magnetic moment systems cannot produce the Kondo effect that is overwhelmed by strong ferromagnetic interaction. We show that this belief appears not to be true and that ZBA anomaly does exist in planar MTJs with a CoFe nanodot layer coupled to ferromagnetic leads leading to the two-peak structure. The theoretical analysis of magnetic field and temperature dependences supports the interpretation of the experimental findings very well, showing and explaining distinct features of the conductance lines * corresponding author; e-mail: eleyang@nus.edus.sg for the planar junctions with macroscopic number of interacting QD's.
Experimental
The junctions of area S ≈ 700 µm × 700 µm were prepared using magnetron sputtering through a sequence of metal shadow masks at room temperature.
The MTJs with a nanodot layer were formed from 100 Ta/ [19] . Because the bottom electrode's exchange bias is stronger than that of the upper one, the magnetic moments of each electrode could be oriented independently. The 5 Å layer of CoFe sputtered in the middle of the MgO layer plays a role of a nanodot-populated region (as shown in Fig. 1a ) with the average diameter of the nanodots estimated to be ∅ ≈ 2.6 nm. Electron energy loss spectroscopy shows that the nanodots are in metallic state, and an assumption for them to be in paramagnetic state as well is reasonable [20] . Hundreds of shadow-masked MTJs were studied using a standard four-probe method and their temperature-dependent magneto-conductance characteristics were measured. We report the data from the most representative sample since all samples showed qualitatively similar behavior.
Results
In other typical tunneling Kondo experiments in tunnel junctions with normal metallic electrodes [1, 2, 4-6], a conductance peak was observed centered at zero bias voltage, whereas in our case of ferromagnetic electrodes at low bias a double-peak structure was observed shown in Fig. 1b at T = 0.25 K. In contrary to the expectation, ferromagnetism suppresses the Kondo tunneling effect, a double peak in conductance [and a tunneling magnetoresistance (TMR) suppression as a consequence] appears at low bias voltages and temperatures. Such effects are similar to the previously observed Kondo resonance effect, appearing in C 60 molecules as well as in carbon nanotubes, and semiconducting dots placed between ferromagnetic electrodes [7] [8] [9] . A calculation considering a g-factor, g ≈ 2, shows that magnetic field leading B to a splitting of ∆V = 3 mV would have to be as strong as 14 T. It can be explained by the presence of the exchange interaction between a dot and ferromagnetic leads which was observed in the previous single dot experiments [7, 8] . The spin asymmetry in the density of states in ferromagnetic electrodes produces a spin-dependent renormalization of dot's levels. The degeneracy is, thus, broken: ↑ = ↓ , and a spin splitting is observed, ∆ ≡ ↑ − ↓ , rising a splitting of the conductance curve line similar to the one that can be caused by a strong enough magnetic field.
According to the theory for the Kondo effect the ZBA should fade and disappear with increasing temperature over the Kondo temperature T K . Our experiments show that that the observed double peak in conductance gradually evolves to a peak with a small splitting and the zero bias anomaly completely disappears above T = 15 K, which defines T K for this sample.
Theoretical model
One of the specific properties of spin-related effects, observed in our experiments is a dip broadening (inside of a double peak) when the magnetic field increases shown in Fig. 1b,c. We have, on contrary, not seen the effect in MTJs without a nanodot layer that also supports the fact that the Kondo effect happens in the presence of ferromagnetism in magnetic tunnel junctions. The positions of the conductance peaks' maxima are surprisingly almost unmodified by the magnetic field. The possible explanation of our observations is a superposition of the conductance of the Kondo quantum dots (with weak field dependence on magnetic field), strongly coupled to the leads and the conductance of the weaker coupled dots which are in the cotunneling regime.
We model the system with a Hamiltonian for a single level QD of energy σ coupled to ferromagnetic leads
where c rkσ and d σ are the Fermi operators for electrons with wave vector k and spin σ in the leads, r = L, R, and in the QD, respectively. Here V rkσ is the spin-dependent tunneling amplitude, n = σ d † σ d σ is the dot occupation, and U is the on-site electron interaction. The difference ↑ − ↓ = ∆ Z is induced by the Zeeman energy due to an external magnetic field, ∆ Z = gµ B B. We discuss the cotunneling transport in the Coulomb-blockade valley in which dot's occupancy is fixed to one electron. The tunnel-coupling strength is characterized by Γ α r = 2πρ rσ |V r | 2 , where ρ rσ denotes the density of states (for simplicity, we ignore k dependence of V rk = V r ). For ferromagnetic leads we consider the spin asymmetry defined in the standard way as P ≡ (ρ r↑ − ρ r↓ )/(ρ r↑ + ρ r↓ ).
The broadening of the dip in the conductance signal can be modeled by cotunneling -a simplest many-body process of the second order -in which only two electrons are involved. Using the second-order perturbation theory [21, 22] the tunneling rate γ σ,σ rr is determined. It represents a process of an electron with spin state σ entering the dot in state σ from lead r and leaving the dot state σ when escaping to lead r (r = L, R and σ = ↑, ↓). Two modes of cotunneling can be defined here: elastic (σ = σ ) and inelastic spin-flip cotunneling (σ = σ =σ, where the dashed σ means a spin opposite to σ) [23] . The first case of the elastic cotunneling is insensitive to spin splitting ∆ ≡ ↑ − ↓ but in the latter case, the current flows only if |eV | > |∆ |.
For σ =σ, i.e., inelastic cotunneling, the rate is given by
where f (ω) denotes the Fermi function and µ r is the electrochemical potential, and P denotes the principal value of integral. For elastic cotunneling σ = σ , when the dot state is not changed, we get
The current I = I el + I inel can be separated into the elastic I el and inelastic I inel components
where p σ is the probability of occupation of state σ. 
In the weak coupling regime, when the current is weak, the intra-dot spin-flip relaxation becomes relevant. In this regime, the level occupation of the dot approaches the Boltzmann distribution [22] that can be obtained from the generalized rate equation
, where the relaxation rate is given by R(ω) = R sf exp(−ω/2k B T ).
The case of the elastic cotunneling is insensitive to spin splitting ∆ ≡ ↑ − ↓ but in the inelastic case, the current flows only if |eV | > |∆ |. The theoretical results agree very well with the experimental findings, as it can be seen in Fig. 1c and d . In our calculations we use P = 0.5 and find also that the best fit is obtained, when a strong spin-flip relaxation is considered, and a some additional residual field B res = 0.35 T is added to the external magnetic field B.
We have demonstrated that planar macroscopic MTJs with magnetic nanodots can exhibit the ZBA such as a conductance double peak. Different coupling of electrons to the electrodes with opposite spins leads to a energy level splitting, similar to one caused by the magnetic field. That splitting can be observed as a double peak Kondo ZBA. Finally, the zero-bias tunneling anomalies are modified by the magnetic field and temperature according to the Anderson quantum dot model coupled to ferromagnetic electrodes which indicates the possibility of the coexistence of the Kondo effect and ferromagnetism in magnetic tunnel junctions.
